Computed tomographic (CT) angiography is rapidly becoming the preferred imaging test for the initial evaluation of patients suspected to have arterial injuries after blunt and penetrating trauma to the extremities. The increasingly widespread use of 64-row multidetector CT technology offers considerable benefits in extremity CT angiography in the trauma setting. These include the ability to generate isotropic data sets of long vascular territories, with the acquisition performed in a short time (10 seconds or less). Isotropic voxels make CT a fully multiplanar modality, a capability that is particularly useful for evaluating tortuous vessels. Sixty-four-row multidetector CT angiography of the extremities has the ability to demonstrate a variety of vascular injuries such as occlusion, pseudoaneurysm, active extravasation, and intimal dissection. Radiologists should be aware of the various potential pitfalls and limitations of extremity CT angiography in evaluation of trauma patients suspected to have extremity vascular injuries, including inadequate arterial enhancement, motion artifact, inadequate positioning, and streak artifact. By demonstrating the extent, location, and type of injury, CT angiography aids in the decision-making process to determine the appropriate management for each injury in each patient. 
Introduction
Physical examination and digital subtraction angiography (DSA) have traditionally been used in diagnosis and effective management of suspected arterial injury in the trauma patient. The presence of "hard" or "soft" signs of vascular injury at physical examination often determines further treatment of the patient. Hard signs of major arterial injury include pulsatile hemorrhage, expanding hematoma, bruit or thrill, acute limb ischemia, and pulse deficit. These hard signs have been shown to be nearly 100% associated with the presence of major vascular injury and usually mandate subsequent surgical exploration (1, 2) . However, some patients demonstrate equivocal signs of vascular injury, or soft signs, which include asymmetric pulses, abnormal ankle-brachial index, associated nerve injury, nonexpanding hematoma, or injuries determined to be within close proximity to a major neurovascular bundle. These soft signs of vascular injury serve as surrogates for the possible presence of such an injury and warrant observation or additional diagnostic work-up, typically with angiography (3, 4) . Until recently, DSA was the preferred imaging test for further evaluation and triage of trauma patients exhibiting these soft signs of vascular injury. Use of this technique has served to reduce the number of unnecessary or negative exploratory surgeries. Similarly, the majority of DSA examinations show negative results for arterial injury (5) (6) (7) . Although relatively infrequent, significant complications may result from DSA, including access site thrombosis, atheromatous plaque embolization, intimal dissection, and groin hematoma (8, 9) . Therefore, the trend has been toward increased use of noninvasive tests such as computed tomographic (CT) angiography (10) (11) (12) .
With the introduction of multi-detector row CT, CT angiography has gained increasing acceptance for initial evaluation of patients who sustain major trauma and in whom arterial injury is clinically suspected. Recently, the growing widespread use of 64-row multidetector CT technology has offered considerable benefits in extremity CT angiography in the trauma setting. Sixty-four-row multidetector CT enhances imaging speed and allows submillimeter isotropic data sets to be acquired over lengthy areas encompassing the extremities, all attributes that have facilitated the resolution of smaller vascular structures. Therefore, 64-row multidetector CT angiography of the extremities retains the ability to demonstrate a variety of vascular injuries such as occlusion, pseudoaneurysm, active extravasation, and initimal dissection. By demonstrating the extent, location, and type of injury, CT angiography aids in the decision-making process to determine the appropriate treatment for each patient and injury (10) (11) (12) .
The purpose of this article is to familiarize the reader with protocol issues and postprocessing options specific to extremity CT angiography performed with 64-row multidetector CT, as well as to illustrate the various findings of vascular injury in patients with both penetrating and blunt extremity trauma. In addition, our experience at a level I trauma center with the integration of extremity CT angiography into clinical management of cases of acute injuries is described.
Technique
A diagnostic quality CT angiographic examination of the extremities requires careful patient preparation. The protocols that we currently employ when using the 64-row multidetector CT scanners (Lightspeed VCT; GE Medical Systems, Milwaukee, Wis) installed in our level I trauma center are detailed. An 18-or 20-gauge intravenous catheter is required in a superficial vein within the antecubital fossa, the forearm, or the dorsum of the hand. For upper extremity CT angiography, this venous access is placed preferably in the arm contralateral to the injury.
The patient is typically placed supine on the CT table. For upper extremity CT angiography, ideally the injured extremity is raised above the head to decrease beam-hardening artifact from the torso and secured with adhesive tape to decrease artifact from patient motion. An alternative positioning is to place the patient prone with both extremities raised over the head, the socalled superman position. If the patient's clinical condition, such as shoulder girdle fractures, does not allow the injured extremity to be raised over the head, both arms are secured by the patient's side (13) . For lower extremity CT angiography, the legs are secured to the table and both limbs are included in the field of view. Inclusion of the contralateral extremity in trauma CT angiography may be useful as a reference during interpretation of findings in the injured side.
Image acquisition is typically performed from the joints proximal and distal to the injured region with the following imaging parameters: beam width, 64 (detector configuration) × 0.625 mm (detector collimation); pitch, 1:0.984; gantry rotation time, 0.5 seconds; and noise index, 29. Noise index is an automatic attenuation-based dose modulation chosen by the radiologist to balance radiation dose and image quality and noise.
Because the imaging acquisition speeds have increased considerably with 64-row multidetector CT, the margin for error in contrast bolus timing is minimal and accurate timing to ensure proper arterial phase imaging is paramount. We use either a standard delay or a timing bolus technique to ensure adequate arterial phase imaging, depending on the type of trauma CT studies requested. We use a timing bolus in all of our dedicated extremity CT angiography studies. Only when other imaging of the torso is indicated do we switch to the standard delay technique to image the extremity and torso as part of a multiphasic examination. In patients who need torso imaging in addition to extremity CT angiography, a standard delay is used to begin extremity CT angiographic acquisition, followed by the requisite torso imaging. This includes chest imaging, when necessary, immediately following the extremity CT angiography to ensure arterial phase image acquisition. Portal venous phase abdominopelvic imaging is performed by using a 70-second delay.
With use of a timing bolus, an appropriate artery-such as the brachial artery for proximal upper extremity trauma-is selected as the target for placement of the region-of-interest measurement. A 20-mL injection of intravenous contrast material is administered, followed by a 30-mL saline "chaser," by using a dual-syringe power injector with an injection rate of 5 mL/sec. The timing of contrast material arrival is determined at the appropriately chosen level, and 12 CT images are then acquired. The first image is acquired 5 seconds after the beginning of the timing bolus injection, and the remaining 11 images are acquired every 2 seconds thereafter.
For the subsequent CT angiography, image acquisition is started 5 seconds after the time to peak arterial enhancement shown on the timeattenuation curve of the test bolus series. This 5-second delay is added to the peak arterial enhancement time when a test injection technique is used to account for differences in time to peak enhancement between the test bolus and the subsequent contrast material injection, which uses a larger volume of contrast material (14, 15) . We routinely use a dose of 60 mL of intravenous contrast material (ioversol; Optiray [iodine concentration, 350 mg/mL], Mallinckrodt Imaging, Hazelwood, Mo) at an injection rate of 5 mL/sec. A 30-mL saline chaser is then administered, also at a rate of 5 mL/sec.
The evolution to 64-row multidetector CT technology has afforded the novel ability to integrate extremity CT angiography into the routine thoracoabdominal trauma imaging protocols. This integration is facilitated by the increased acquisition speeds of approximately 3-6 seconds per body segment and increased table lengths of up to 2 m, which allow the acquisition of a whole-body scout image. This whole-body scout image is used to plan the ensuing multiphasic examination. Thereafter, extremity CT angiography is performed (preceded by pelvic CT angiography, when necessary), followed by imaging of the chest in the arterial phase and the abdomen and pelvis in the portal venous phase. In blunt trauma patients, pelvic CT angiography is performed when pelvic ring fractures are identified on plain radiographs obtained in the trauma bay. In penetrating trauma involving the pelvis or the proximal aspects of the thighs, pelvic CT angiography is also performed if there is high clinical suspicion for vascular injury.
The acquisition speed of 64-row multidetector CT allows such multiphasic examinations to be performed by using a single bolus of intravenous contrast material (Fig 1) (16) . In integrated multiphasic examinations, we routinely use a dose of 100 mL of intravenous contrast material (ioversol; Optiray [iodine concentration, 350 mg/mL], Mallinckrodt Imaging) at an injection rate of 5 mL/sec, again followed by a saline chaser. The standard delay technique is reserved for these multiphasic examinations, where integration of lower extremity CT angiography into whole-body imaging with one contrast material bolus is most useful. Image acquisition begins at a set delay of 23 seconds after contrast material injection.
Although slightly less precise than the timing bolus method, the standard delay technique offers a simple and quick method for bolus timing, critical factors in trauma imaging. In all cases, extremity CT angiography is performed prior to the requisite torso imaging to optimize the extremity vascular image quality and ensure an arterial phase of image acquisition.
Another marked benefit of current multidetector CT technology is the advanced postprocessing features, several of which are particularly relevant in CT angiography. The acquisition of isotropic voxel data sets has transformed CT into a fully multiplanar modality with the benefits of more accurate and confident diagnosis. We currently employ the "direct MPR [multiplanar reformation]" function to routinely produce orthogonal reformations for every angiographic acquisition. The ability to visualize vessels in any nonorthogonal plane is occasionally useful given their tortuous nature.
Not uncommonly, further postprocessing options are performed by using picture archiving and communication system (PACS) integrated software (Advantage Windows suite software incorporated into Centricity PACS workstations [GE Medical Systems]). Curved planar reformation at times can be an ideal postprocessing technique for vascular evaluation, allowing visualization of the entire length of a vessel in one image (Fig 2) . Finally, maximum intensity projection (MIP) images are useful in evaluating vascular injuries and, in conjunction with a limited number of volume-rendered images, can be of use when communicating with the clinical teams (Fig 3) . The use of the advanced postprocessing options including MIP, volume rendering, and curved planar reformation is employed on a case-by-case basis at the discretion of the interpreting radiologist by using the PACS incorporated software. indicate significant vascular injury that may require endovascular or surgical repair. Direct signs include occlusion, thrombus formation, intimal dissection, spasm, external compression, pseudoaneurysm, active arterial hemorrhage, and arteriovenous fistula. Indirect signs represent findings within the perivascular soft tissues. Indirect signs include perivascular hematoma, a projectile tract near a neurovascular bundle, and shrapnel less than 5 mm from a vessel. The presence of indirect signs secondary to vascular trauma should raise suspicion for an occult injury. An occlusion of a vessel appears as an abrupt interruption of the contrast-enhanced blood with or without distal reconstitution of the vessel (Figs 4, 5) . At CT angiography, luminal narrowing can present a particular diagnostic dilemma, as the finding may represent a variety of lesions including dissection, spasm, or external compression. Occasionally, these patients undergo DSA to differentiate between spasm, a reversible lesion (Fig 6) , versus dissection, a true Because the trauma population often involves young previously healthy patients, radiation dose is of concern. Given the inherently high contrast available during CT angiography, our protocols employ a decreased dose setting relative to that of other routine CT imaging. We employ an attenuation-based dose modulation feature that allows adjusting the "noise index" in conjunction with section thickness to provide the desired signal-to-noise ratio. Therefore, we have chosen to increase our noise index to 29 by using a section thickness of 0.625 mm. Initially, we chose a lower noise index of 23 for extremity CT angiography; however, this has been incrementally increased to the current value in an effort to balance radiation dose with signal-to-noise ratio. For comparison, our portal venous phase abdominopelvic acquisition in blunt trauma applications currently still employs a noise index of 19.
CT Angiographic Signs of Injury
Findings of arterial injury at extremity CT angiography can be classified into direct or indirect signs.
Direct signs relate to the vessel wall and often
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radiographics.rsnajnls.org arterial injury. Focal narrowing with irregular contours suggests an intimal injury with thrombus formation (Fig 7) . When the intimal layer is disrupted a dissection results, which appears as a thin linear intraluminal filling defect at CT angiography. If blood further dissects into the vessel wall, it may be contained by the adventitial layer of the vessel or extend to the perivascular soft tissues, resulting in pseudoaneurysm formation. Alternatively, blood may extravasate freely into the perivascular soft tissues without forming a confined collection, as seen in active arterial hemorrhage. Pseudoaneurysm can be distinguished from active arterial hemorrhage given the appearance of the lesion at CT angiography. Pseudoaneurysms appear as rounded well-defined collections of contrast material associated with the vessel (Figs 8, 9 ). Active hemorrhage tends to appear as irregular pools of extraluminal contrast material (Figs 10, 11) . Arteriovenous fistulas appear as asymmetric early enhancement of a vein adjacent to a contrast-enhanced artery. The abnormal communication of the vessels may be seen at CT angiography. However, direct evidence of the actual fistula in not necessary to make this diagnosis when an early enhancing vein is identified (10) (11) (12) (17) (18) (19) .
Pitfalls
Despite careful attention being paid to proper technique, extremity CT angiography studies are occasionally of poor diagnostic quality. A number of pitfalls exist and can be divided into several categories, including improper technique, patient factors, and sources of artifact (17) . Poor timing of the contrast material bolus resulting in inadequate arterial opacification is one of the most frequently encountered pitfalls. A similar problem occurs when the CT table "outruns" the contrast material bolus. The unprecedented speed of 64-row multidetector CT may produce more rapid z-axis coverage than the leading edge of the contrast material bolus, often leading to segments of poorly opacified or unopacified vessel, rendering at least distal sections of the acquisition nondiagnostic (Fig 12) .
In our experience, approximately less than 1% of all extremity CT angiographic examinations are nondiagnostic due to bolus outrun. This is a particular diagnostic dilemma in cases where a full contrast material bolus has been administered and repeating the bolus could predispose to renal toxic effects. At our institution, the decision to repeat the examination or go directly to DSA is made in conjunction with the clinical team; the decision depends on the level of suspicion of arterial injury. Although two separate test injections may be used to determine flow velocity in the extremity to increase the accuracy of bolus timing, we believe that use of a single test injection (dedicated CT angiography) or a routine delay (integrated CT angiography with torso imaging) yields increased efficiency, a critical consideration in the multitrauma population.
Patient factors are also known to degrade image quality. Motion artifact is occasionally a problem in the trauma patient, who cannot always remain still secondary to pain or altered mental status, emphasizing the importance of securing the imaged extremity to the table with tape. In addition, in upper extremity CT angiography, the injured patient may not always be able to raise the injured extremity overhead, which may lead to streak artifact from the adjacent torso and increased noise, making distal small vessels difficult to visualize.
Streak artifact as a result of metallic projectiles retained in the soft tissues can obscure the evaluation of the adjacent artery, commonly at the precise location where the injury is likely to occur (Figs 13-15 ). In these patients, DSA may be indicated to exclude an arterial injury; the decision is based on a discussion with the clinical teams. 
Clinical Algorithm
On arrival in our emergency department, the trauma patient undergoes immediate resuscitation and stabilization efforts. A thorough survey of the patient's injuries is then performed by the trauma team. Patients in unstable conditions who have sustained extremity trauma as a result of blunt or penetrating injuries and who demonstrate any of the hard signs of vascular injury typically proceed directly to surgical exploration. Hemodynamically stable patients with isolated extremity injuries who are found to have any of the hard or soft signs of vascular injury, as previously discussed, and in whom there is a high clinical suspicion of arterial trauma are routinely evaluated with CT angiography as the initial diagnostic imaging examination. Those patients who have multiple injuries and are hemodynamically stable undergo multiphasic CT, integrating extremity CT angiography with imaging of injured regions of the body in the appropriate phase of contrast enhancement. In our experience, since the installation of 64-row multidetector CT, CT angiography is now the first-line diagnostic test in upper and lower extremity trauma, with conventional angiography used only as a troubleshooting second diagnostic test or for therapy.
If a significant direct injury to a major vessel is found at CT angiography, the patient proceeds either to the endovascular suite or to surgical therapy, a decision that is determined in conjunction with the clinical team. If an incomplete lesion-such as arterial narrowing secondary to presumed spasm-is found at extremity CT an- giography, the patient is observed clinically. Any patient in whom there is discordance between CT angiographic and clinical examination findings is referred to DSA for further evaluation.
Conclusions
We have found extremity CT angiography to be a clinically useful diagnostic tool in evaluating trauma patients suspected to have extremity vascular injuries. Significant vascular injuries, some of which require surgical therapy, are detected. The application of 64-row multidetector CT technology has significantly benefited extremity CT angiography and made possible the integration with torso trauma protocols with use of a single contrast material bolus. Radiologists should be aware of several potential pitfalls and limitations, although these are relatively infrequent. Because of its speed and accuracy, extremity CT angiography is a useful triage tool that in some institutions has nearly replaced conventional angiography for diagnosis in trauma. 
